One hundred reference strains representing all species belonging to the different phylogenetic lineages of the viridans streptococci were examined by means of one-dimensional whole-organism protein electrophoresis. For most of the species examined, multiple strains characterized by DNA-DNA hybridization were included and, wherever described, representatives of different biochemical variants were analysed. Most species were clearly differentiated. The data support the viewpoint that members of the Streptococcus anginosus group constitute a single species and indicate that Streptococcus mitis biovar 2 is a heterogeneous taxon comprising strains from several streptococcal species.
INTRODUCTION
The differentiation of species belonging to the viridans streptococci has always been tedious, and species-level identification of all of these species is beyond the reach of many laboratories. Amongst the streptococci, several major phylogenetic lineages can be discriminated, four of which comprise viridans species : the Streptococcus anginosus rRNA homology group with the species S. anginosus, Streptococcus (2, 9) . The phylogenetic position of Streptococcus crista is yet to be determined, but this species shares rather high DNA-DNA hybridization values with S. sanguis and S. gordonii strains, indicating that it belongs to the S. mitis rRNA homology group as well (7) . In addition, it has been demonstrated that Streptococcus pneumoniae also belongs to the S. mitis rRNA homology group (2) . Most pneumococci are however easily identified, have a different pathology and are often not included in comparative studies of viridans streptococci. Pneumococcal reference strains were examined but they did not grow under the conditions used in the present study. The remaining major streptococcal phylogenetic lineages comprise the pyogenic streptococci and the species belonging to the Streptococcus bovis group (2, 9) . In previous studies, we demonstrated the ability of comparative whole-organism protein electrophoresis for the differentiation of pyogenic streptococci (1 5, 16) . As in many other Gram-positive and Gramnegative bacteria, streptococcal strains with very similar whole-cell protein patterns shared high DNA-DNA hybridization values as was deduced from the inclusion of strains for which DNA-DNA hybridization data were available. In the present study, we evaluate the suitability of whole-cell protein electrophoresis for the differentiation of viridans streptococci by examining a collection of well-characterized reference strains, including a considerable number of strains for which DNA-DNA hybridization data are available. Recently, the specific epithets of several streptococcal species were corrected to conform to Rule 12c of the (20) Handley et d. (7) Handley et al. (7) Handley et al. (7) Handley et al. (7) Kilian et al. (10) Kilian et al. (10) Kilian et al. (10) Kilian et al. (10) Kilian et al. (10) Carlsson (3) Carlsson (3) Carlsson (3) Carlsson ( (4) Coykendall (4) Coykendall (4) Coykendall (5) Coykendall (5 Protein bands are stained with Coomassie blue R-250 in 50% (v/v) methanol and 10% (v/v) acetic acid. These conditions allow separation of proteins and peptides in the molecular mass range of 14-1 16 kDa.
The densitometric analysis, normalization and interpolation of the protein profiles, and numerical analysis were performed using the GelCompar 4.0 software package (Applied Maths, Kortrijk, Belgium).
Bacterial strains. All strains examined are listed in Table 1 . The majority of the strains examined are type and wellcharacterized reference strains included in various taxonomic studies of viridans streptococci. Appropriate references are listed in Table 1 . Bacteriological purity was checked by plating and examining living and Gram-stained cells.
Whole-cell protein analysis. All strains were grown for 24 h on Brain-Heart Infusion agar (Difco) and incubated at 3&37 "C in a microaerobic atmosphere containing approximately 5 % 0,, 10% CO, and 85% N,. Preparation of cellular protein extracts and PAGE were performed as described previously (1 2). Briefly, discontinuous gels (1.5 mm thick) were run overnight at constant current (6 mA per gel) and temperature in a vertical slab apparatus. 
RESULTS

Reproducibility
The reproducibility of the method was verified by running the same extracts on multiple gels and by including duplicate cultures of 11 strains (duplicate cultures are subcultures of the same strain, received on different occasions or from different depositors) (see Table 1 ). The inter-run reproducibility was at least 94 YO (data not shown). Duplicate cultures always belong to the same cluster and group closely together (Fig. 1) . The similarity level between these pairs of patterns was always higher than 91 YO.
Cluster analysis of the protein patterns of the strains examined Fig. 1 7. Dendrogram derived from the unweighted pair group average linkage of correlation coefficients (expressed for convenience as a percentage) between whole-cell protein patterns of all of the strains examined. Strains marked by an asterisk were received as S. mitis biovar 2.
Fig,
strains of the S. anginosus rRNA homology group form a single protein electrophoretic cluster (cluster 111). Whole-cell protein patterns of representative strains are shown in Fig. 2 cluster: S. oralis (cluster V), S. cristatus (cluster VI), S. gordonii (cluster VII) and S. parasanguinis (cluster VIII). Whole-cell protein patterns of representative strains are shown in Fig. 4 . S. sanguinis strains are separated into two distinct clusters : cluster IV contains the majority of strains, whereas cluster IX comprises the two subcultures of the type strain. All S. mitis biovar 1 strains constitute a single protein electrophoretic cluster (cluster X). However, S. mitis biovar 2 strains are distributed over several clusters. One strain (LMG 14553) belongs to the S. oralis cluster; a second strain (LMG 17596) groups near the S. oralis cluster; one strain (LMG 14556) belongs to the S. cristatus cluster; and three strains (LMG 17594, 17595 and 17597) belong to the S. parasanguinis cluster.
Finally, species of the S. mutans rRNA homology group occupy distinct positions in the dendrogram. S. mutans, S. cricetus, S. sobrinus and S. ratti strains form separate protein electrophoretic clusters (clusters XII, XIV, XI11 and XI, respectively), while the type strains of S. macacae, S. downei and S. ferus occupy distinct positions in the dendrogram (only a single strain of these species was examined). Whole-cell protein patterns of representative strains are shown in Fig. 5 .
DISCUSSION
In previous studies on streptococci, results of trophoresis correlated the relationships of pyogenic whole-organism protein elecwith those of DNA-DNA hybridization experiments, i.e. strains with very similar whole-cell protein patterns shared high DNA-DNA hybridization values (1 5, 16) . The aim of the present study was to evaluate whether whole-cell protein electrophoresis could be used as a method for specieslevel identification for the viridans streptococci. For this purpose, we collected 100 type and well-characterized reference strains of the various species. Most of these strains were included in previous taxonomic studies and, per species, several DNA-DNA hybridization data were available. strains. The taxonomic relationships between some members of the S. mitis rRNA homology group were studied in detail by Kilian et al. (10) . These authors described or emended the description of S. mitis, S. oralis, S . gordonii and S. sanguinis, and delineated multiple biovars in several of these species. Their revised classification was based on an extensive phenotypic analysis and on a compilation of published DNA-S. sanguinis. Four biovars were described within S. sanguinis. Strains of two of these (biovars 1 and 2) were proven by DNA-DNA hybridization experiments to constitute a single species, whereas no DNA-DNA hybridization data were available for strains of biovars 3 and 4. Of all of the S. sanguinis strains examined, the type strain (LMG 14702) was the most aberrant (10) . In our analysis, six strains studied by Kilian et al. (10) Heterogeneity among Streptococcus mitis biovars representing all four biovars were included. We found that five of these strains (and duplicate cultures of three of them) representing the four biovars formed a single protein electrophoretic cluster (cluster IV, Fig.  1 ). The type strain, however, differed from the others by the absence of a prominent protein band with an approximate molecular mass of 24 kDa (Fig. 4) . As a consequence, both subcultures of the type strain cluster separately in the dendrogram (cluster IX) in the vicinity of S. mitis biovar 1 strains (cluster X). These protein electrophoretic data therefore confirm the aberrant nature of the S. sanguinis type strain and suggest that strains of biovars 3 and 4 share high DNA-DNA hybridization levels with strains of biovars 1 and 2.
5. gordonii. Three biovars were described within S. gordonii. Strains representing all three biovars were included in DNA-DNA hybridization analyses which demonstrated that they formed a single species.
In our analysis, five strains studied by Kilian et al. (10) representing all three biovars were included. All five strains (and duplicate cultures of one) and the strains LMG 17843 through LMG 17846 formed a single homogeneous cluster VII. The latter four strains were received as S. gordonii from J. Carlsson and were included in a numerical taxonomic study of oral streptococci where they were classified as cluster I : B (3). Carlsson's cluster I : B is therefore not synonymous to S. sanguinis as discussed by Kilian et al. (10) . In our analysis, the former type strain of S. mitis (LMG 14516) which was reclassified as S. gordonii (10, IS), behaved as a typical S. gordonii strain, in contrast with some of its other phenotypic characteristics (10).
S. oralis. S. oralis does not comprise multiple biovars. We included two representative strains examined by Kilian et al. (10) and four strains from Carlsson's study representing Carlsson's cluster I : A (3). All six strains (and duplicate cultures of one) formed a single homogeneous cluster V which also comprised strain s. mitis LMG 14553 (see below).
s. rnitis. Two biovars were delineated within S. mitis. Strains representing S . mitis biovar 1 were included in DNA-DNA hybridization analyses and proved to constitute a single species (1 0). Thirteen additional isolates were classified as S. mitis biovar 2 (10). However, DNA-DNA hybridization data confirming that these strains belonged to S. mitis were not available and important phenotypic variability was found, suggesting that biovar 2 was heterogeneous In our analysis, four of the S. mitis biovar 1 strains were included. These four strains (and duplicate cultures of one) formed a single homogeneous cluster X. However, the six S. mitis biovar 2 strains which were examined did not cluster with S. mitis biovar 1 strains, nor did they constitute a single phenon. Three of these strains belonged to the S. parasanguinis cluster and one belonged to the S. cristatus cluster (Figs 1 and (10). 4). Neither species had been described when Kilian's study was published (7, 21). Finally, one of the strains (LMG 14553) belonged to the S. oralis cluster (Figs 1  and 4) , while another strain (LMG 17849) occupied a distinct position in the dendrogram with S. oralis as its closest neighbour. Obviously, S. mitis biovar 2 is a heterogeneous taxon and our results suggest that strains classified as such may belong to various other streptococcal species.
S. parasanguinis. S. parasanguinis was described by Whiley et al. (21) for ten strains tentatively classified in the S. anginosus species group (23). All strains shared high DNA-DNA binding values with S. sanguinis as closest relative. In the present analysis, we included six of these strains (and duplicate cultures of one) which all formed a single homogeneous cluster (cluster VIII).
S. cristatus. Similarly, S. cristatus was described by Handley et al. (7) for four strains superficially resembling S. sanguinis and previously referred to as ' the CR group' or the 'tufted fibril group'. Three of these strains were examined by DNA-DNA hybridization and showed high hybridization values. All four strains (including duplicate cultures of one) and a recent human blood isolate also formed a single homogeneous protein electrophoretic cluster (cluster VI).
The S. anginosus rRNA homology group
The taxonomic status of strains classified as S. anginosus, S. constellatus and S. intermedius has been the subject of much debate [reviewed by Whiley & Beighton (20) ]. One view is that these three taxa are phenotypically virtually indistinguishable and that, in spite of some genotypic heterogeneity, they constitute a single species, S. anginosus (6) . The other view is that there are sufficient differential phenotypic characteristics between these three taxa and that the DNA-DNA hybridization levels between the three groups are sufficiently low to warrant their classification as three distinct species (20). The reported DNA-DNA hybridization levels between the three named species are often near the borderline of species delimitation, while the phenotypic differentiation between at least two groups is not straightforward [S. intermedius is readily differentiated from the others using the scheme of Whiley & Beighton (20)]. Group-specific polypeptide patterns (peptides in the molecular mass range of 25-5-34 kDa, i.e. the low-molecular-mass region) as revealed by SDS-PAGE (23), 16s rRNA probe hybridization results (8) and Py-MS (1 1) support the distribution of these isolates in three, four or five subgroups, respectively. In our protein electrophoretic analysis, we included five strains classified by Whiley & Beighton (20) as S. anginosus, nine as S. constellatus and four as S. intermedius. Whereas numerical analysis of whole-cell protein patterns enabled clear differentiation between all other streptococcal species, these 18 isolates formed a single, though heterogeneous, cluster (cluster 111) (Fig. 1). Fig, 4 illustrates the whole-cell protein patterns of four reference strains of each of these taxa. The S. intermedius strains were clearly the most aberrant ones (the differences between S. intermedius strains and strains from the other two species are mainly situated in the region between the 20.1 and 24 kDa marker proteins) but there was no clear subdivison in three taxa, not even when the analysis was restricted to the low-molecular-mass region of the protein patterns (23) (data not shown). It is wellknown that culture conditions and electrophoretic conditions may influence the protein patterns as revealed by SDS-PAGE. The discrepancy between the results from our study and the one of Whiley and Hardie (23) may be due to different conditions used. However, as discussed above, the conditions used in our laboratory generate protein patterns which correlate with DNA-DNA hybridization results as demonstrated for a wide variety of both Gram-negative and Gram-positive species (17) , including the majority of streptococcal species (15, 16, this study). It is therefore not unlikely that the differences between polypeptide patterns as revealed in the study by Whiley & Beighton (20) correspond to infraspecific subdivisions of a single species.
We conclude that our analysis of whole-cell protein patterns supports the viewpoint that these three taxa constitute a single species which should be referred to as S. anginosus (6) .
The S. thermophilus rRNA homology group
The S. thermophilus, S. salivarius and S. vestibularis reference strains constitute distinct protein electrophoretic clusters each (Figs 1 and 3) , confirming that also within the S. thermophilus rRNA homology group, whole-cell protein electrophoresis allows a clear-cut species differentiation.
The S. mutans rRNA homology group Few reference strains of species belonging to the S. mutans rRNA homology group were included. Wholecell protein analysis was used by Beighton et al. (1) for the differentiation of mutans streptococci and was found appropriate. In our analysis we found considerable similarities between s. downei LMG 145 14T and S. sobrinus strains (Figs 1 and 5) , while all other species were clearly identifiable.
Conclusion
In previous studies we demonstrated that members of the pyogenic species group (Streptococcus agalactiae, Streptococcus canis, Streptococcus dysgalactiae, Streptococcus equi, Streptococcus iniae, Streptococcus parauberis, Streptococcus phocae, Streptococcus porcinus, Streptococcus pyogenes and Streptococcus uberis) could all be differentiated by means of whole-cell protein electrophoresis (1 5, 16) . In the present study, we included 100 strains representing all 19 species belonging to the different phylogenetic lineages of the so-called viridans or oral streptococci. For most of the species examined, multiple strains characterized by DNA-DNA hybridization were available and, wherever described, representatives of different biochemical variants were included. The differentiation of most of these species by means of SDS-PAGE of cellular proteins was straightforward. Problems were only encountered in the S. anginosus rRNA homology group and in S. mitis, and our data confirmed the aberrant nature of the S. sanguinis type strain. Our data support the viewpoint that members of the S . anginosus group constitute a single species and indicate that S. mitis biovar 2 is a heterogeneous taxon comprising strains from several streptococcal species.
